1. Exogenous glycollate was rapidly metabolized in both the light and the dark by photoautotrophically grown Chlorella pyrenoido8a. 2. The incorporation of 14C from [1-14C] glycollate by these cells was inhibited by the tricarboxylic acid-cycle inhibitors monofluoroacetate, diethylmalonate and arsenite, and also by a-hydroxypyrid-2-ylmethanesulphonate and isonicotinylhydrazine. 3. Short-term kinetic experiments showed over 80% of the total 14C present in the soluble fraction from the cells to be in glycine and serine after 10 s. This percentage decreased with time whereas the percentage radioactivity in glycerate increased for up to 30s then remained steady. Glycollate is well established as an early product of photosynthetic carbon dioxide fixation in unicellular algae (Benson & Calvin, 1950; Warburg & Kripphal, 1960; Whittingham & Pritchard, 1963) , higher plants (Zelitch, 1959) and isolated chloroplasts (Arnon, Whatley & Allen, 1959) . In higher plants glycollate is metabolized to sucrose via glycine and serine (Rabson, Tolbert & Kearney, 1962; Wang & Waygood, 1962; Sinha & Cossins, 1965) . The first step in this sequence is catalysed by glycollate oxidase (glycollate-oxygen oxidoreductase, EC 1.1.3.1) and the pathway can be blocked in vivo by inhibiting this enzyme, when glycollate accumulates in large amounts (Zelitch, 1957) . Hess & Tolbert (1967) reported the absence of such a pathway from several unicellular green algae and explained the phenomenon of glycollate excretion by algae (Tolbert & Zill, 1956; Whittingham & Pritchard, 1963; Miller, Meyer & Tanner, 1963) as the result of an incomplete glycollate pathway in cells devoid of a higher-plant glycollate oxidase. Recently the generalization that algae excrete, rather than metabolize, glycollate has been questioned by several workers. Zelitch & Day (1968) demonstrated a glycollate-oxidizing enzyme in extracts of air-grown Chlorel1a and Chlamydomonaa. This enzyme was described as glycollate oxidase, 30 although oxygen uptake was not measured. Nelson & Tolbert (1969) have reported that the glycollateoxidizing capacity of a strain of ahlamydomona8 is regulated by the availability of carbon dioxide during growth. Cells grown on 1% carbon dioxide in air excreted glycollate into the culture medium, whereas cells grown on air did not excrete glycollate. Growth on air de-repressed a glycollate-oxidizing enzyme that differed from the higher-plant enzyme insofar as oxygen could not act as a hydrogen acceptor. 2,6-Dichlorophenol-indophenol was used as the hydrogen acceptor in order to assay the enzyme, which was designated glycollate-2,6-dichlorophenol-indophenol oxidoreductase (Nelson & Tolbert, 1969) .
We have shown a strain of Chlorella pyrenoio8a to be capable of glycollate oxidation (Lord & Merrett, 1968) . This organism is incapable of glycollate excretion even when grown on 5% carbon dioxide in air (Goulding, Lord & Merrett, 1969) .
The inability to excrete glycollate did not result from a failure to synthesize glycollate, since excretion could be forced in the presence of a-hydroxypyrid-2-ylmethanesulphonate , an inhibitor of glycollate oxidase (Zelitch, 1957) . The glycollate-oxidizing enzyme of Chlorella, like that described by Nelson & Tolbert (1969) for Bioch. 1970, 117 929 Chlamydomona8, does not link to oxygen but can be demonstrated by using 2,6-dichlorophenolindophenol as the electron acceptor (Codd, Lord & Merrett, 1969) .
The purpose of the present paper is to describe the pathway of carbon incorporation when exogenous glycollate is metabolized by photoautotrophically grown Chlorella pyrenoido8a.
MATERIALS AND METHODS
Growth of organi8m. Chlorella pyrenoidosa (Cambridge Culture Collection, strain 211/8p) was grown photo. autotrophically as described by Goulding & Merrett (1966 separated by two-dimensional paper chromatography and identified as described previously (Merrett & Goulding, 1967 (Milner, Lawrence & French, 1950) . After centrifugation at 500g at o04OC for 5min to remove intact cells and cell debris, the supernatant was centrifuged at 1OOOOg for 10min to remove larger particulate matter and was then used immediately in enzyme assays.
Protein determination. Protein was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) by using a standard curve prepared for crystalline bovine serum albumin.
Enzyme a88ay8. All assays were performed on extracts of photoautotrophically grown Chlorella cells. All assays were carried out in silica cuvettes (3.0ml volume; 1 cm light-path) with a Unicam SP. 500 spectrophotometer.
Glycollate-2,6-dichlorophenol-indophenol oxidoredudta8e. This enzyme was assayed anaerobically by measuring 2,6-dichlorophenol-indophenol reduction (Zelitch & Day, 1968 Anderson & Tolbert (1966) . The reaction mixture contained, in a final volume of 3.Oml, 100/lmol of sodium cacodylate buffer, pH6.3, 0l,mol of phosphoglycollate and 6,umol of MgS04. After the addition of cell extract (containing 1.8mg of protein) the mixture was incubated at 30°C for 10min.
The reaction was stopped by adding 1 ml of 10% (w/v) trichloroacetic acid and, after the removal of denatured protein by centrifugation, the Pi present in a portion of the supernatant was determined by the method of King (1932) . Two controls, one with enzyme omitted and one with phosphoglycollate omitted, were run to correct for Pi that was liberated other than by the action of phosphoglycollate phosphatase.
Glyoxylatereducta8e (EC 1.1.1.26). This enzyme was assayed spectrophotometrically by measuring a decrease in extinction at 340nm consequent on the oxidation of NADH by glyoxylate (Zelitch, 1955 200 ,umol of potassium phosphate buffer, pH 7.4, and enzyme (containing 0.5-2.5mg of protein) in 1.75ml was incubated at 300C for 30min and then treated as described by Taylor & Weissbach (1965) .
Hydroxypyruvate reductase (EC 1. Glyoxylate carboligase. This enzyme (Krakow & Barkulis, 1956 ) was assayed manometrically by measuring the rate of anaerobic evolution of C02 from glyoxylate. Double-armed Warburg flasks contained 80mol of potassium phosphate buffer, pH6.4, 0.5,mol of thiamin pyrophosphate, IO,mol of MgCl2 and cell extract (containing 1.5mg of protein) and water to a total volume of 2.2 ml in the main compartment. The flasks were gassed with 02-free N2. After incubation at 300C, 10,nmol of glyoxylate was added from one side arm. The reaction was allowed to proceed for 10, 20 or 30min, and was then stopped by the addition of 0.2 ml of 1 M-H2SO4 from the other side arm.
Glyoxylate-cycle enzymes. Isocitrate lyase (EC 4.1.3.1) and malate synthetase (EC 4.1.3.2) were assayed as described previously (Goulding & Merrett, 1966 lOmM-a-hydroxypyrid-2-ylmethanesulphonate, an inhibitor of glycollate oxidase (Zelitch, 1957) , and by lOmM-isonicotinylhydrazine, which inhibits the conversion of glycine into serine (Table 1) .
This result indicated that glycollate was being further metabolized via glyoxylate and glycine. It was unlikely that glycollate was being completely oxidized via glyoxylate and formate to 14C02 which was then being re-fixed by the photosynthetic carbon reduction cycle, because it has been shown that lOmM-isonicotinylhydrazine does not inhibit total 14C02 fixation by Jhlorella (Whittingham & Pritchard, 1963 At the earliest time (1Os) 80% of the radioactivity on the chromatogram was located in glycine and serine and this percentage gradually fell with time, whereas that in citrate and malate increased (Fig. 1) .
The presence of 10mM-oc-hydroxypyrid-2-ylmethanesulphonate resulted in a 90% decrease of the total 14C present in the soluble fraction of the cells, the only labelled compounds present being glycine, serine and glycerate.
Enzymic reactions in Chlorella extracts
Glycollate oxidation. Cell-free extracts were capable of oxidizing glycollate and this reaction was demonstrated by using 2,6-dichlorophenol-indophenol as the hydrogen acceptor and measuring dye reduction. The product of glycollate oxidation by Chlorella extracts forms a phenylhydrazone derivative that absorbs at 324nm, indicating that the product is glyoxylate (Lord & Merrett, 1968 Table 4 indicate that pyridoxal phosphate is necessary for maximum enzyme activity, and the high value of the control with boiled enzyme suggests that some non-enzymic transamination of glyoxylate, as observed by Nakada & Weinhouse (1953) and Fleming & Crosbie (1960) , may have occurred.
Glycine-8erine interconver8 on. Cell-free extracts of Chlorella contained serine hydroxymethyltransferase (Table 5 ). The formation of the radioactive C1 unit from [3_14C]serine showed an absolute requirement for enzyme and tetrahydrofolate, and pyridoxal phosphate was necessary for maximum activity. The conversion of glycine into serine would require a C1 unit, which we assume arises from the enzymic splitting of glycine into such a unit, that would then condense with another molecule of glycine to form serine.
Conversion of 8erine into glycerate. Serine was converted into glycerate by Chlorella extracts. The addition of pyruvate to a reaction mixture containing enzyme, serine and NADH facilitated the deamination of serine to hydroxypyruvate and its reduction to glycerate. This oxidation of NADH in the presence of pyruvate was not due to lactate dehydrogenase activity, since no oxidation of NADH occurred in the presence of either pyruvate or serine singly, but only when both were present.
The reduction of hydroxypyruvate to glycerate by hydroxypyruvate reductase and the reverse oxidation of D-glycerate to hydroxypyruvate by D-glycerate dehydrogenase were also demonstrated. Vol. 117 933 (Tables 1 and 3) gives an ic reactions indication of the pathway of glycollate metabolism.
eactions of a-Hydroxypyrid-2-ylmethanesulphonate inhibits tlso investi-glycollate metabolism by photoautotrophically an active grown cells, indicating that the first step in glycollate metabolism is its oxidation to glyoxylate.
n glycollate The glyoxylate is not oxidized to CO2 via formate 1961), two as we were unable to demonstrate an NAD-or i glycollate NADP-linked formate dehydrogenase in Chlorella, nolecule of and in confirmation of this, sodium hypophosphite, dioxide, a an inhibitor of formate dehydrogenase (Campbell, xylate car-1955) , has no effect on glycollate metabolism We were (Table 3 ). carboligase
These observations were supported by the fact that sugar phosphates and related compounds, trate lyase known to be primary products of photosynthetic a in photo-CO2 fixation, were not formed as early products of ts, but the [1-14C]glycollate assimilation (Fig. 1) . The failure as demon-of unlabelled glycollate to decrease "4CO2 fixation ocks, 1963). (Table 2 ) is additional evidence against the comhlorella ex-plete oxidation of glycollate and re-fixation of the Jive malate CO2 released. Isonicotinylhydrazine, which in-)le to assay hibits the conversion of glycine into serine ectrophoto- (Whittingham & Pritchard, 1963) , also inhibits 1970 934 Shah & Rogers (1969) to account for acetyl-CoA formation from glycollate in maize chloroplasts in their study of chloroplast terpenoid biosynthesis. However, these workers did not present any enzymic evidence for the proposed pathway.
The postulated pathway accounts for the distribution of label from [1-_4C]glycollate in the soluble fraction of the cells (Fig. 1) (Table 6 ). Since the cell-free extracts also contain glycerate kinase (J. M. Lord & M. J. Merrett, unpublished work) glycerate is probably metabolized via the wellestablished reactions of the Embden-MeyerhofParnas pathway to pyruvate, which is converted into acetyl-CoA and enters the tricarboxylic acid cycle.
From the data in Table 1 it was calculated that the rate of glycollate uptake by photoautotrophically grown Chlorella was 0.25,mol/h per mg dry wt. ofcells in thelight and 0.11 ,umol/h permg dry wt. of cells in the dark. The specific activities of the various enzymes catalysing the component reactions of the proposed metabolic route are sufficient to account for the overall rate of glycollate metabolism (Table 6) .
Although the present experiments were carried out with photoautotrophically grown cells, we have shown that glycollate will support photoheterotrophic growth of this organism (J. M. Lord & M. J. Merrett, unpublished work) . It is probable that the same metabolic route would occur during growth on glycollate, but during this growth intermediates of the tricarboxylic acid cycle will be required as precursors for the synthesis of cell constituents. It was considered possible that malate synthetase may play an anaplerotic role 2CHO.CO2H+CoA.SH --Acetyl-S.CoA+2C02+H20 during the growth of Chlorella on glycollate. The activities of malate synthetase and isocitrate lyase have been determined in glycollate-grown cells. However, growth on glycollate did not de-repress the glyoxylate-cycle enzymes, enzyme activities being similar to those in autotrophically grown cells (Table 6 ). The necessary anaplerotic reaction to maintain a net synthesis of C4 acids, however, could be achieved by phosphoenolpyruvate carboxylase, which is present in autotrophically grown Chlorella (Table 6) .
Although previous investigators have demonstrated only a very limited conversion of glycollate into other products in algae (see Hess & Tolbert, 1967) , the present results show this strain of Chlorella to be capable of a rapid metabolism of exogenous glycollate. It is probable that two factors regulate glycollate metabolism by algae: first, the ability of the cells to take up glycollate, and this is probably determined by the carbon nutrition of the cells; secondly, as suggested by Nelson & Tolbert (1969) , the activity of glycollate-2,6-dichlorophenol-indophenol oxidoreductase, which may vary depending on growth conditions.
